
Nanoscale CMOS and Beyond:
Oxide Electronics - Metal Insulator 
Transition Switches
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Outline
• (Functional/adaptive) oxide electronics: introduction

• Metal-Insulator-Transition in Vanadium dioxide (VO2) material

• Technology

• Electronics applications:
 Steep slope switches
 Spiking neurons for neuromorphic stochastic machines
 Radio-Frequency devices
 Sensors

• Conclusions
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Functional/adaptive oxide electronics
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Examples of adaptive/functional oxides
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Functional oxides: 
resistive switching
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Basics: Mott insulators

• Definition: What is a Mott Insulator?

• Metal that stops conducting under 
certain conditions (low temperature or 
high pressure), despite classical theory 
predicting conduction.

• Band Gap Theory
 Conduction and valence bands
 Tuning the bandgap

• Mott Insulators
Origins
Theory
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● Sir Nevill Francis Mott
(30 September 1905 – 8 August 1996) was a 
British physicist who won the Nobel Prize for 
Physics in 1977 for his work on the electronic 
structure of magnetic and disordered systems 
(amorphous semiconductors).
● Pointed out flaw in central approximation in 
band theory: inter-electron forces are not negligible



Band  gap and type of materials
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Mott insulators: theory
When is a metal not a metal? Steven C. Erwin (Nature, Vol. 441, 2006).

Exception to band theory.
• Materials that owe their insulating 

nature to correlations in the motions of 
different electrons. These correlations 
arise from the classical Coulomb repulsion 
between charge particles. They can be 
decisive in materials in which the two 
competing tendencies of electrons exist in 
balance: 

(1) the desire to be spatially localized to 
minimize Coulomb repulsion

(2) the need to be delocalized to minimize the 
cost in kinetic energy from spatial 
confinement.

• Surfaces of semiconductors: electrons are 
effectively confined to two dimensions. Mott 
insulators have been created over the past 
decade on the surfaces of many common 
semiconductors. A
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a) The regular potential 
wells of a normal metallic 
state of a material with, on 
average, one electron per 
atom. 
b) If the confining potential 
is a little stronger (deeper 
wells), electrons find it 
harder to delocalize and so 
do not conduct — despite 
what the band theory of 
solids predicts. 
The material is a 
Mott insulator.



Correlated oxides and
Metal-Insulator-Transition

• (a) Splitting of a normal band into upper and lower Hubbard band due to 
electron correlations. 

• (b) Bandwidth controlled metal-insulator transition. Changing the 
bandwidth could induce A METAL-INSULATOR TRANSITION (MIT). 

• Oxide Mott insulators could be categorized into two types based on the 
relative position of the oxygen band and Hubbard bands: 
 (c) Mott-Hubbard insulator where the oxygen p-band lies under the lower 

Hubbard band. 
 (d) Charge-transfer insulator where oxygen p-band is in between the lower 

Hubbard band and upper Hubbard band. 
• Doping holes or electrons into a Mott insulator could lead to a phase 

transition from insulator to metal. 
 (e) In undoped Mott insulator (n=1), electron hopping leads to formation of a 

doubly occupied site and increase total energy because of Coulomb repulsion. 
 (f) In a Mott insulator with hole doping (n<1), electron hopping does not 

create doubly occupied sites and system total energy does not change. 
Electrons could move freely in the matrix and the material becomes metallic.
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Oxide Electronics Utilizing 
Ultrafast Metal-Insulator Transitions
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MIT steep slope switch
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MIT 
SWITCH
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• Three solid-state devices qualitatively
compared.

• Metal-Insulator-Transition involves
a completely different principle:

In the so-called MIT-FET or Mott-FET, 
the gate charge then induces a charge 
in the channel, which then converts 
the whole channel type from insulator 
into a metallic phase. 

Thermionic Tunneling MIT



Metal-Insulator Transition (MIT) in 
Vanadium Dioxide

• Vanadium dioxide (VO2) undergoes a 
structural phase transition at ~68 °C 
accompanied by a steep decrease in 
resistivity.

• The monoclicic phase presents a 
bandgap ~0.6 eV.

• The tetragonal phase presents 
metallic behavior.

How to exploit this for 
integrated electronic 
(switching)  functions?
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Bandgap modulation in VO2
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Structure and
band diagram of VO2:
(a, b) Structure change of VO2 from the 
monoclinic insulating phase (M1) to the 
tetragonal rutile metallic phase (R) during MIT 
in (a) a three-dimensional view and (b) a cross 
sectional view.

(c) Band structure change of VO2 across the MIT. 
The left and right panels show the band 
structures for the insulating and metallic phases, 
respectively.



Doped VO2 for bandgap engineering
• The MIT for VO2 occurs at 340K between the 

conducting rutile phase and the monoclinic 
M1-M3 phases . 

• VO2 is of broad interest because its MIT 
occurs just above room temperature. 
However, the band gap of the insulating phase 
of VO2 is only 0.6 eV which, with band edge 
tailing, means that the on-off resistance range 
is only about 104 which is insufficient for a 
FET. 

• Challenge: Doping techniques to 
increase the band gap in the off state is 
needed: Mg? Cr? Ge?
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Ultrafast electronic devices and 
applications with VO2
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• Recent interest in VO2 triggered by 
demonstration of more ‘actuation’ 
mechanisms.

• Ultrafast switching (~10 ns) by 
electronic excitation.

• Interest in explaining the physics of the 
MIT.

• Novel device structures and 
functionalities introduced in multiple 
fields.

What electronic functions are 
possible with VO2?



O2 Growth Optimization Window in 
VO2 reactive magnetron sputtering
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• Pure V target.
• High T for film crystallinity.
• High-vacuum conditions.
• Deposition rate ~ 3 nm/min
• O2 flow critical parameter for the VOx phase.

Sputtering conditions

Phase diagram of vanadium oxides



Influence of stoechiometry on transition 
temperature
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VO2 2-terminal diode-like switch
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Harvard EPFL



Electrically triggered MIT transition
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Ge-doped high temperature
transition MIT switch
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• donor-like dopants with large ionic radii (W, Mo, and Nb) decrease the transition 
temperature, while acceptor-like elements of low oxidation state and smaller ionic radii (Al, 
Cr, Fe) increase the transition temperature

• effect of Ge-doping on the insulator-to-metal phase transition in vanadium oxide and found 
that the transition temperature can be controlled and be significantly increased upon Ge 
doping, slighty over 90°C 

~95°C

~78°C



The spiking biological neuron
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Example: MIT spiking neurons
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Tuning the probability of spiking in a loaded VO2-Transistor!



Example: Abrupt switching with steep slope
• Reconfiguration of three decades in resistance 

(104 Ω to 10 Ω) achieved by E-MIT. 

• Steep transition observed with a slope lower 
than 0.5 mV / dec.
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23W. A. Vitale et al., “CMOS-compatible abrupt switches based on VO2 metal-
insulator transition”, Ultimate Integration on Silicon Conference, 2015.

• Voltage actuation in VO2-based abrupt electronic switches
• Current actuation in VO2-based abrupt electronic 

switches



Steep slope, S < 10mV/dec, characterization

A
.M

. I
on

es
cu

 @
 B

ey
on

d 
C

M
O

S 
-o

xi
de

 e
le

ct
ro

ni
cs

24

• Steep slope < 1 mV/dec up to 57 °C
• Issue #1: hysteresis control.
• Issue #2: is just a diode, not a transistor.
• Issue #3: upper temperature < 60°C



Three-terminal VO2 electronic switch
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Three-terminal gated electronic switch devices 
utilizing MIT in VO2.
(a) An early proposed three-terminal gated VO2 switch 

device.
(b) Current density versus electric field applied on the 

VO2 channel with the gate open at room 
temperature. The inset shows the three-terminal 
VO2 device structure. 

(c) Current density versus electric field at room temp.
(d ) Optical microscopy image of the top view of a 
three-terminal VO2 device
(e) The effect of the back-gate (gate 2) voltage on the 
source-drain resistance of the VO2 channel of a three-
terminal VO2 device with double-gate structure from 
the top view as shown in panel d.

Not in the desired region



Example: VO2 Radio Frequency switch

1. LPCVD of 500 nm SiO2 on silicon substrate.
2. Reactive magnetron sputtering of 360 nm VO2 thin 

film at 490 °C using a V target.
3. Patterning of VO2 with standard optical lithography 

and ion beam etching.
4. Lift-off of a 400 nm Al layer to define the contacts to 

induce E-MIT in VO2.
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Si

A-Si

SiO2VO2

Si

Al
SiO2

VO2

W. A. Vitale et al.,  “Growth optimization of vanadium dioxide films on SiO2/Si 
substrates”, 40th Micro and Nano Engineering Conference, Lausanne, Switzerland, 
September 22-26, 2014
W. A. Vitale et al., “Growth optimization of vanadium dioxide films on SiO2/Si substrates 
for abrupt electronic switches”, Microelectronic Engineering Journal, 2015.



VO2-based tunable RF filters with 
programmable insulating gaps

• VO2-based RF devices for microwave 
tunable filters with low insertion loss.

• Design method adaptable to any planar 
coupled-resonator microwave filter.
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• Idea VO2-based tunable capacitive gap:

The equivalent insulating gap 
thickness and capacitance change 
when reversibleMIT takes place.

• Comparison between VO2 tunable filters 
and corresponding “ideal” fixed filters. 



Example: Low power VO2 gas sensors
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Thermal sensor and gas sensor devices utilizing MIT in VO2.
(a) A VO2 thermal sensor device. Shown are the temperature and voltage dependency of the conductivity and the 

coplanar VO2 device. The inset shows the device structure. SPT denotes structural phase transition.
(b) Schematic of a VO2 nanowire gas sensor. PG and PL indicate heat flux dissipating into gas environment and 

metal contacts.
(c–e) Microscopic images of a VO2 nanowire with increased self–Joule heating induced by the flowing current. ( f ) I-
V characteristics of the VO2 nanowire gas sensor device at different Ar pressures.



Low power VO2 gas sensors
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Principle: 
• VO2 NW acts as a preheated thermistor whose 

temperature (and thus resistance) depends on the 
delicate balance between the incoming Joule heat 
and outgoing heat fluxes.

• Any variations in the thermal conductivity of the 
ambient gas will be recorded as shifts in the 
transition voltage for MIT. 

• Significant advantage of this transduction 
principle: inherent independence on the 
chemical reactivity of a gas, what allows 
detection of chemically inert gases!

Better sensitivity at low pressure and for 
lighter molecules (10-2Pa pressure change).



Conclusions
• A fast switch can be demonstrated utilizing metal-insulator transition in correlated oxides, with the 

ON and OFF states defined as a low-resistance, metallic phase and a high-resistance, insulating 
phase of the material, respectively. Switching may be triggered with electronic, optical, thermal, or 
even with magnetic actuation.

• VO2 is one of the most promising researched MIT material because of its transition temperature 
near room temperature:

• > 3-4 orders of magnitude with few volts actuation, sharp transition in resistivity has been reproduced with 
electrical actuation, allowing to introduce novel device structures for reconfigurable electronics.

• Room temperature Mott FETs with correlated oxides may be potential candidates for future 
computing elements. Utilizing a functional correlated oxide for information processing may lead to 
three-dimensional circuits and integration on polycrystalline or arbitrary substrates.

• Applications @ short term: reconfigurable RF functions in GHz to THz range.

• Applications @ long term: steep slope electronic switches (with hysteresis: can serve 
neuromorphic computing).
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